A new polarized neutron single crystal diffractometer POLI (Polarization Investigator) has been developed at the Maier-Leibnitz Zentrum (MLZ) Garching, Germany. After reviewing existing devices, Spherical Neutron Polarimetry (SNP) has been implemented on POLI as a main experimental technique using a third-generation Cryopad built in cooperation between RWTH University and Institut Laue-Langevin (ILL). In this report we describe the realization and present the performance of the new Cryopad on POLI. Some improvements in the construction as well as details regarding calibrations of Cryopad and its practical use are discussed. The reliable operation of the new Cryopad on POLI is also demonstrated.
I. INTRODUCTION
More than twenty five years after F. Tasset's development of the first Cryopad [1] and intensive works he then performed in collaboration with P. J. Brown at the Institute Laue Langevin [2] , Spherical Neutron Polarimetry (SNP) is now established worldwide as an efficient method for direct characterization of complex magnetic structures that are in many cases intractable otherwise [3] . While classical polarized neutron techniques measure spindependent scattering cross sections (flipping ratio method, longitudinal polarization analysis and its derivatives), SNP exploits the vector properties of the neutron polarization. The changes of the polarization vector occurring upon scattering in the sample are measured. SNP thereby allows distinguishing between polarization rotations due to the magnetic and nuclear/magnetic interactions with ordered magnetic moments and depolarization due to the presence of magnetic domains. Thus, detailed investigations of complex magnetic ground states and determinations of relative magnetic domain populations as a function of external parameters are possible using SNP.
The theoretical bases for the SNP are the general mathematical expressions of the scattering cross-sections and scattered polarization vectors derived by M. Blume [4] and S. Maleev [5] in the early sixties. About a decade later, the first experimental devices for measuring components of the neutron polarization vector were developed in Delft [6] and Gatchina [7] .
They were based on resistive coils and soft magnetic shields (permalloy) and used solely for studying ferromagnetic domains by the depolarization method in the direct beam. By using a similar technical device, H. Alperin [8] performed the first experiment verifying the existence of transverse polarization components in the scattered beam and polarization rotation predicted by the Blume-Maleev equations on a magnetic Bragg reflection of the antiferromagnetic sample Cr2O3. He reported that it is impossible to obtain the information about antiferromagnetic domains by only measuring the scattering cross section or by analyzing the scattered polarization solely in the direction of the incident polarization.
Moreover, Alperin showed that in existing devices small stray fields inside the magnetic shielding cause a significant deviation of the studied polarization from the required direction. Therefore, the sample had to be placed in a zero-field chamber to avoid unwanted precessions of the polarization and to achieve a better control of the polarization vector.
In order to improve the magnetic shielding at the sample position whilst allowing measurements at any scattering angle, F. Tasset proposed to build a polarimeter made from two concentric superconducting cylinders exploiting the Meissner effect [1] . The scattering plane is separated in three magnetically independent regions: a central part, the so called zerofield region where the sample is positioned; an annular intermediate region between the two cylinders in which two small magnetic fields created with independent superconducting coils control one spherical coordinate of the incoming and outgoing neutron polarizations; and an outside region where the remaining spherical coordinates of the incoming and outgoing polarizations are controlled with nutators. Following the development of the cryoflipper, F. Tasset adopted Nb tubes as Meissner screens because Nb is almost transparent for neutrons and does not depolarize the beam. In order to become superconducting, Nb must be cooled below 9 K, which led to the device name Cryogenic Polarization Analysis Device (Cryopad) [1] . This technical development led to the elaboration of SNP as a new experimental technique that became available to ILL users [9, 10] .
The first mature version of Cryopad, called Cryopad-II, was then designed with a roomtemperature zero-field chamber able to host a cryostat [11] . This construction decouples the cooling of the sample from that of the Meissner screens, allowing the insertion of nonmagnetic sample environments into the polarimeter (cryostat, dilution refrigerator, etc.). With this setup, studies of magnetic and electric field dependence on magnetic domain populations became possible [12] . The larger diameter of the Meissner shields and the new design of the nutators permitted SNP measurements over a large scattering angle and even antiferromagnetic form factors could be measured for the first time [13] .
The outstanding results in the precise characterization of complex magnetic structures like the possibility to directly distinguish between cycloidal and helicoidal magnetic orders [3, 14] , non-collinearity due to spin-orbit coupling and the search for "hybrid" nuclear/magnetic inelastic correlations function [15] increased significantly the popularity of SNP and the necessity to provide Cryopad devices also outside ILL. This triggered in the early 2000s the decision to build three next-generation Cryopad-III [16] [17] [18] [19] [20] but also other types of polarimeters. We therefore compared them with the aim to build the best possible polarized neutron diffractometer at FRM II.
II. WHICH POLARIMETER FOR POLI?
In Cryopad-II, the precessions of the incoming and outgoing polarization vectors are realized with a toroidal solenoid located between the Meissner shields and surrounded by a shorter secondary solenoid centered on the incident beam. Incoming and outgoing precession coils are coupled and the need for a precession matrix with components dependent on scattering angle limits the precision with which Larmor precessions are controlled [21] . The next generation Cryopad-III was therefore developed with the aim to decouple the precession units.
After intensive calculations and the introduction of ferromagnetic yokes of high magnetic permeability at 5 K combined with Meissner screens, the design converged toward a solution consisting of a fixed and flat incoming precession unit decoupled from a partial but magnetically infinite torus outgoing coil [17] . According to the calculations the maximal deviation in the control of the polarization vector in Cryopad-III is 0.3° (curved Meissner screen) + 0.5° (precession unit) for a 25x25 mm 2 beam section. These performances and the absence of interference between the coils have been demonstrated experimentally [19] .
Furthermore, an outer µ-metal shielding completes the Meissner screens to further reduce the amplitude of the field in the sample space down to less than 1 mG.
Alternatively, the use of µ-metal only (no Meissner screen) to create a large zero-field chamber for hosting a sample cryostat was actively exploited in the development of Mupad (µ-metal Polarisation Analysis Device) [22, 23] . Mupad is that µ-metal shields are ferromagnetic and may depolarize the beam passing through, in contrast to diamagnetic superconducting shields. To avoid this, relatively large openings for the incoming and outgoing beams must be provided in the magnetic shielding.
As the openings should be small in order to avoid the penetration of parasitic fields inside the zero-field chamber, the complex mechanical design features many slit-segments that are opened at the desired scattering angles. In this way, the µ-metal shield becomes an active mechanical component that is moved and supports stress and friction due to the tight mechanical contact necessary for efficient magnetic shielding. Because magnetic properties of µ-metal strongly depend on the mechanical stress collected during the assembly and the exploitation, it becomes difficult to guarantee a perfect reproducibility and precise polarization manipulations at all scattering angles. To avoid high currents in the resistive coils, Mupad is also better suitable for usage with cold neutrons [24] and it has been successfully implemented on the cold triple axis spectrometer TASP@PSI and the very cold instrument MIRA@MLZ [23] . After testing Mupad with 1.165 Å neutrons on the hot source of the FRM II [24] the decision was taken to build a Cryopad-III for the new polarized diffractometer POLI [25, 26] . This decision was motivated by the compact design (important limitation at MLZ), the midterm support offered by ILL for constructing the device and exploiting the SNP technique, the economical aspect (both devices have comparable acquisition costs) and the higher technical performances. Indeed, the absence of moving µ-metal shields ensures better field screening, the coupling coils of Mupad had to be upgraded to address the short wavelengths used on POLI, and there is no phase shift due to parasitic fields inside the coil area of Cryopad [24] . The new Cryopad installed on POLI@MLZ is very similar to the Cryopad-III used on D3 and newly also on ThALES at ILL. However some improvements were introduced which are discussed in the next section. It has been successfully realized in cooperation between RWTH Aachen University and ILL and commissioned in 2010-2011 [27] . First scientific results were recently published [28] [29] [30] [31] and others are in preparation.
In parallel, the number of experiments and high-ranking publications using SNP techniques has increased continuously. The technique became of general interest at several neutron scattering facilities both in Europe and oversees [32] [33] [34] [35] . This also led to new technical developments in the field. Most of them concentrated on the development of smaller and cheaper devices that would not require cryogenic liquids but use "dry" cryostats. For example at University of Indiana (USA), a project for developing a cryogenic SNP device for time-offlight instrument based on the Cryopad concept and high-Tc superconducting YBCO Meissner shields cooled down with a closed-cycle refrigerator started [36] . The first prototype called
CryoCUP has demonstrated the feasibility of using YBCO foils as Meissner shields in neutron beams and provided rather good control of the polarization vector, especially for neutrons with 2-8 Å (dephasing factor less than 2%). However this compact device is presently limited in its scattering angle range to direct transmission and SANS measurements. Moreover, similar to the first Cryopad, the same cryostat controls the temperature of both the sample and Meissner shields, limiting the sample temperature range to 20-80 K [37] .
Another newly reported miniaturized SNP device, called miniMupad [38, 39] , in some extend also goes back to the Cryopad-I design where small precession coils are positioned close to the sample inside the cryostat. Here, similarly to the large Mupad, the static coils are shielded with µ-metal yokes and decoupled by an appropriate distance between them. This device was built for SNP in SANS mode, therefore accepting a maximum scattering angle of 15°. The reported accuracy of the polarization control is about 3° for the direct beam and cold neutrons [38] . One of the targeting benefits of such devices in comparison to the "classical" Cryopad using Nb is the absence of liquid cryogens refills. However, the consumption of cryogens and related work during experiments with the present Cryopad are rather moderate as shown below.
In spite of these recent and interesting developments in the field of SNP instrumentation, we consider that Cryopad-III remains until today the most precise, robust, reliable and mostly used device for SNP. In the next sections we explain the reasons for this. Being regularly asked by the polarized neutron community, especially about the details of its routine operation e.g. [32] [33] [34] [35] , we present a detailed report about the development and operation of the most recently built Cryopad used on the single crystal diffractometer POLI at MLZ. We focus on the practical aspects of the daily operation and details that are either not described or solved differently for this version in comparison with other Cryopad-III devices built earlier [19, 20] .
We hope this report will be useful to both users and developers of future SNP devices. 3 He cell and detector, positioned on the rotating detector arm (7).
III. IMPROVED IMPLEMENTATION ON POLI
In Figure 2 , we present the Cryopad fixed above the rotating sample table of the POLI diffractrometer. The non-polarized monochromatic beam coming from the right is polarized along the neutron propagation direction by the 3 He spin filter inside the polarizer cavity (1).
This polarization is turned adiabatically into the plane normal to the neutron beam direction by the incoming nutator attached to the polarizer (2). If necessary, this polarizer can be moved along the beam axis. The Cryopad (3) is centered on the sample axis and fixed on a dedicated ring (4) aligned with a level. On the detector arm (7) the 3 He polarization analyzer Decpol (6) [17, 26] and its outgoing nutator (5) 
IV. CALIBRATION OF THE NEW CRYOPAD
A standard calibration procedure of Cryopad-III e.g. on D3 at ILL is described elsewhere [20] . A four-step process using software macros is proposed: 1) alignment of the nutators relative to each other, 2) calibration of the incoming and 3) outgoing Larmor precession coils, and 4) alignment of the nutators with the precession fields. Either the direct beam (no sample used) or the diffracted beam (from a nuclear Bragg peak on sample) can be used. Our experience shows that a diffracted beam offers a slightly higher precision because of the better monochromatization of the scattered beam. Despite the use of a harmonic filter, the incident beam of POLI is partially contaminated (about 2.5%) with epithermal neutrons from the hot source. The usage of a 3 He spin filter as polarizer leads to different polarizations for the desired monochromatic and the spurious higher energy neutrons. Using a nuclear Bragg reflection of a sample, only the monochromatic part satisfying the Bragg relation is selected and the scattered polarization is better defined. The intensity from the direct beam is higher than that of the diffracted one and could provide better statistics in shorter time but it saturates the detector and makes the use of an attenuator mandatory. Thus, using a strong nuclear Bragg reflection from a well-known sample, the calibration procedure is almost as quick as in the direct beam, and provides the same results with better precision. One may note that as the first three calibration steps are independent, they can be performed in arbitrary order. Table 1 .
In the older Cryopad-II, precession fields being superposed, the incident and outgoing precessions angles were calculated from a non-diagonal precession matrix with a coefficient varying with the detector position [21] . In Cryopad-III devices, the precession coils are magnetically decoupled and the canceling of the non-diagonal terms a12 and a21 was Table 1 . Coefficients aij of the precession matrices determined from calibrations of existing Cryopad. This 2x2 matrix is used to calculate the incident and outgoing precession angles as a function of currents injected in the coils. Only Cryopad-II presents the non-diagonal terms a12 and a21 as its precession coils are superposed. Here a21(γ)=4.1386 -0.1222γ 2 + 0.7406 γ 4 , where γ is the angular detector position in radians [21] .
The values shown in Table 1 for the third-generation Cryopad only depend on the coil construction and they are independent of wavelength, scattering angle and stray field. We performed independent calibrations of the precession coils using different wavelengths and experimental setups at different times on POLI. Figure 7 presents the results of these calibrations. They demonstrate the wavelength independence and reliability of the precession coils.
Cryopad is a very robust and reproducible device. Once calibrated, there is no need to repeat the procedure, as long as no significant changes are performed inside the device. Even after repeated warming up and re-cooling of the Cryopad, crane transportations, multiple installations and dismounting of the Cryopad on the instrument over the years, the calibrated values of the coils have not changed. There is no visible aging effect. Applying known precession amplitudes (Table 1) After the calibration (or just verification) of the precession coils, the alignment of the guide fields of the nutators relative to each other, called also the "perpendicularity of the nutators" in Ref. [20] , is performed. Basically, this calibration ensures that both the incoming and outgoing guide fields are perfectly parallel when tuned toward the same axis (e.g. the axis Oz perpendicular to the scattering plane of the instrument). In Figure 8a , precession currents are set to zero, the outgoing nutator is tuned toward Oz, and the incident nutator is rotated. The polarization is measured as a function of its angular position. One obtains a perfect cosine curve with a periodicity of 360°. The shift of the maxima near zero degree position, or the more easily observable shift of the intercept point between the fit curve and zero polarization near the 90° position, gives the angular offset between the fields produced by the nutators.
This offset is of purely mechanical origin and is corrected by simply readjusting the offset value of one of the nutator encoders. A precision in the alignment of the nutators of 0.1-0.2° is easily reached on POLI. A quicker calibration consists in measuring a small part of the total 360° cosine curve centered on the 90° position, e.g. 90°± 15°.
While in the first three steps of the calibration of Cryopad, the precession coils and nutators are calibrated independently; the last step determines the alignment of the fields produced by the nutators relative to the fields produced inside the precession coils. Because nutators were aligned with respect to each other, it suffices to align the incoming nutator with the incoming precession coil. To maximize the sensitivity with which this calibration is performed, we rotate the incoming polarization vector by 180° with the precession coil and measure the transverse component of the rotated polarization. Note that the precise corresponding current value is known from the first calibration (Table 1 Figure 10 shows measured LHe and LN2 consumption curves under standard conditions. The LHe autonomy of our Cryopad is slightly higher (10-11 days) compared to the specified value of 7-8 days based on the experience with previous Cryopad-III devices e.g. in Ref. [19] . As a typical experiment duration using Cryopad on POLI being of 5-8 days, the refill is scheduled between two experiments. The LN2 bath is refilled automatically about every 19 hours as shown in Figure 11a , using a level-meter relay and an electromagnetic valve on the top of the LN2 tank situated outside the experimental area so that it can be refilled without pausing the experiment. The consumption per refill is about 25 l both for LN2 and LHe. As shown in Figure 11b , when the LN2 supply fails, the consumption of LHe increases but the system still remains cold and operates normally for many hours. Thanks to this, there is always enough time to fix potential errors and refill the LN2 bath without disturbing the experiment. That would not be the case with a closed-cycle refrigerator.
Moreover Figure 12 shows the results of this comparison at one of the tested wavelengths.
As expected, a reduction of the peak intensity is observed. The total transmission calculated as the ratio of integral intensities collected with and without Cryopad amounts to 76% for 
